ABSTRACT The ultimate product of yeast mating-type interconversion is a stable a/a diploid cell. A haploid cell carrying the HO gene gives rise to a diploid cell in a two-step process: first, the cell switches mating type as a result of genetic rearrangement (cassette substitution) catalyzed by HO; then, cells of opposite type mate to form a/a diploids. Mating-type interconversion does not occur in a/a diploids despite the presence of the HO 
The HO locus of the yeast Saccharomyces cerevisiae governs the frequency of mating-type interconversion (ref. 1 ; reviewed in ref. 2) . § Strains carrying HO switch between MATa and MATa as often as every cell division, whereas strains carrying the recessive ho allele switch at much lower frequency. HO promotes a site-specific, unidirectional transposition of a cassette of genetic information from the HML and HMR loci (where the cassettes are silent) to the mating-type locus, where the a or a cassette is expressed and determines yeast cell type. As first described by Winge and Roberts (1), the HO gene promotes formation of diploid cells from haploids, a process termed "diploidization": haploid MATa or MATa cells carrying HO give rise to sibling cells of opposite mating type as a result of matingtype interconversion, and these cells then mate to form a/a cells. Despite being homozygous for HO, the resultant MATa/ MATa cells remain MATa/MATa diploids. The final product of mating-type interconversion is thus a stable a/a diploid derived from a haploid a or a cell.
Mating-type interconversion is controlled by the mating-type locus: switching occurs in MATa/MATa and MATa/MATa diploids but not in MATa/MATa diploids (see ref.
3). Thus, stability of MATa/MATa HO/HO cells results not from diploidy per se but rather because of heterozygosity at the matingtype locus. More specifically, inhibition of mating-type interconversion in a/a cells requires the al function of MATa and the a2 function of MATa: matal/MATa and MATa/mata2 diploids carrying HO exhibit mating-type interconversion and switch cassettes at MAT until the genome contains both MATa and MATa (3, 4) . al and a2 of course are also necessary for the more familiar properties of a/a cells-sporulation proficiency and inability to mate.
One explanation for the inability of a/a HO/HO cells to exhibit mating-type interconversion is that HO The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. min. After addition of 3 ml of lysis buffer and 3 ml of phenol/ CHC13, the extract was centrifuged to separate phases, and the aqueous phase was reextracted with phenol/CHC13. RNA was precipitated from the aqueous phase with ethanol. Poly(A)+ RNA was isolated as in ref. 15 and fractionated on 1.5% agarose/6% formaldehyde as in ref. 16 , except that Hepes buffer (pH 7.8) was substituted for borate buffer. RNA was transferred to nitrocellulose and hybridized with probe as in ref. 17 , except that dextran sulfate was absent from hybridization solutions. Probe was prepared by nick-translation of plasmid DNA by using a New England Nuclear nick-translation kit. Washed filters were autoradiographed for 48 hr with Kodak XAR-2 film and a DuPont 1 Lightning Plus intensifying screen.
Cloning a Segment Containing ho. A collection of EcoRI DNA fragments (from ho strain S288C) inserted into Agt (18) 
RESULTS
Identification and Properties of a Cloned DNA Segment That Allows Mating-Type Interconversion in ho Cells. We have identified a plasmid that carries HO by screening for plasmids with the ability to promote mating-type interconversion in ho strains. The ho recipient used in our transformations was MATa and carried a mutation in an a-specific STE gene (STE13; ref. 7), a gene required for mating by a cells but not by a cells (see Table 1 ). An (3, 20) . Demonstration that YEpHO carries HO is given in the next section.
To localize the region responsible for HO activity in the original 6-kbp insert in YEpHO, we subcloned restriction endonuclease fragments into the plasmid vector YIp5. When present in either orientation in YIp5, a 2.5-kbp HindIII fragment (denoted "H2"; Fig. 2 in which the interconversion system remains active because these strains do not form a/a diploids. One strain (3B54) contains an a-specific STE mutation (stel4) that prevents mating between daughter cells (10) . A second strain (HR112-lb) carries only a cassettes at MAT, HML, and HMR and thus cannot form a/a diploids. Similarly, a third strain (HR100-la) contains only a cassettes at MAT, HML, and HMR. The mating-type interconversion system is active in such strains (25, 26) . These strains were compared with HO strains in which mating-type interconversion does not occur, MATa/MATa HO/HO diploids X10-lb (the parent of the three prior strains) and AB320 (from which the clone bank was derived). We note that X10-lb, HR112-lb, and HR100-la are isogenic (see Materials and Methods); AB320 and 523 (see below) are from different backgrounds.
Poly(A)+ RNA was isolated from these strains and hybridized with a probe (YIp5-BH2) that contains UR A3 and part of HO. As shown in Fig. 3 , we observe a species of RNA [=1.5-1.7 kilobases (kb)] complementary to the cloned DNA probe that is present in the haploid MATa and MATa HO strains, in which mating-type interconversion is active (Fig. 3, lanes A-C) ; this species is completely absent in HO/HO MATa/MATa diploids, in which mating-type interconversion does not occur (Fig.  3, lanes E and F) . This RNA species is also present in diploid, HO and HMRa (Fig. 3, lane D) . Al strains produce similar amounts of URA3 RNA, which is 0.9-1.0 kb (27) . These results show a perfect correlation between active mating-type interconversion and production of a RNA that is homologous to a DNA segment carrying HO. Thus, mating-type interconversion does not occur in a/a cells because HO RNA is not produced. Whether transcription of HO is blocked in a/a cells or the HO transcript is unstable cannot be determined from our analysis.
Because the HO and URA3 segments of the probe are of approximately equal size, the extent of hybridization to the HO and URA3 bands indicates the relative amounts of these RNA species. These bands were excised from the nitrocellulose filter and radioactivity was measured in a liquid scintillation counter, which showed the HO to URA3 ratio to be 41:2. Thus, the level of stable HO transcript appears to be rather low, only half that of URA3 (which is present in -5-10 molecules per cell; ref. 27 ). [We note that 2.5-5 HO transcripts per cell is an average: only certain cells within a clone of HO cells are competent to switch mating types (9, 28) , and it is perhaps only these cells that express HO.] By similar quantitative analysis, we find no HO transcript in a/a cells (that is, no hybridization above background). Thus, production of the HO transcript in a/a cells is <1% of the level in expressing cells.
As noted above, physiological studies show that both a2 and al products are necessary to inhibit mating-type interconversion. Thus, we anticipated that these products would also be required for inhibiting synthesis of HO RNA. Because MATa/ mata2 and matal/MATa strains carrying HO switch matingtype cassettes efficiently, it is not possible to grow pure cultures with these genotypes to assay HO RNA in such strains. However, we have found that ho strains produce a transcript whose size is identical to that produced by HO strains (Fig. 4 , lanes B and C) and that this transcript is controlled in the same manner as in HO strains, expressed in haploids and not in MATa/ MATa diploids (Fig. 4, lanes A and B) . This RNA is absent from MATa/matal strains (Fig. 4, lane F) and present in MATa/ mata2 and matal/MATa strains (Fig. 4, lanes D and E) (6) . al (coded by the MATal gene) is a positive regulator of at least some a-specific genes; a2 (coded by the MATa2 gene) is a negative regulator of at least some a-specific genes (see Fig. 1 ). (29, 30) ; hence, a-specific genes are not expressed. The level of control exerted by these regulators is known to be at the level of RNA production for two cases: al is required for synthesis of RNA from the a-specific STE3 gene (8) ; and al-a2 negatively regulates synthesis of RNA from the MATal gene (29, 30) . We have shown here that al-a2 negatively regulates the HO gene as well. This conclusion comes from the following observations: (i) MATa/MATa and MATa/MATa (and correspondinghaploids) but not MATa/MATa cells produce HO RNA. (ii) matal/MATa and MATa/mata2 strains produce ho RNA. Thus, it is clear that both al and a2 are required to inhibit expression of the ho (HO) locus. Haploid strains that are phenotypically a/a because they express a and a cassettes at HML and HMR (due to a mutation allowing expression of these cassettes), as expected, do not exhibit mating-type interconversion (31) and do not express HO (unpublished data).
al and a2 inhibit expression of several genes in addition to HO and MATal. Production of RNA from the STE5 gene (required for mating by both a and a cells) is inhibited in a/a diploids (V. L. MacKay, J. Thorner, and K. Nasmyth, personal communication). Thus, HO and STE5 are genes that can be termed "haploid-specific," expressed in haploid strains (that are phenotypically a or a) but not in diploid strains (that are phenotypically a/a). Production of RNA encoded by the repeated element Tyl is likewise inhibited in a/a cells (32) . Association of a Tyl element with several different loci (CYC7, DUR, ADR2) places these loci under MAT control: expressed at a higher level in haploids than in a/a diploids (33, 34) . Finally, we have proposed (35) that sporulation is triggered in a/ a cells because al-a2 inhibits synthesis of a negative regulator of sporulation.
How does al-a2 exert its negative regulatory activity at so many different, widely dispersed loci? Obviously, these loci may share a common recognition site for al-a2. Because genetic rearrangements that place Tyl adjacent to various genes cause these genes to be under al-a2 control, Errede et al. (33) have suggested that Tyl may be naturally associated with certain yeast genes and be responsible for their control by al-a2. We have no evidence that HO is associated with such a Tyl element: the cloned HO segment does not hybridize to Tyl (unpublished data).
Diploidization is a two-step process, mating-type interconversion followed by mating between haploid cells of opposite cell type. If mating-type interconversion were to continue in MATa/MATa HO/HO cells (to produce MATa/MATa and MATa/MATa cells), mating between siblings would result in cells of ever-increasing ploidy-for example, production of a/ a/a/a tetraploids. However, MATa/MATa cells are stable in the presence of HO because, as shown here, the HO gene product is not synthesized. (We note that mating-type interconversion is turned off immediately after formation of an a/ a HO/HO cell; hence, some component of the mating-type interconversion machinery, perhaps the HO gene product itself, may be unstable.) al-a2 registers the successful formation of an a/a cell and prevents further mating-type interconversion. The a/a diploid state is stable until meiosis and sporulation yield haploid spores, which once again express the HO gene and resume mating-type interconversion and diploidization. Thus 
